Plant roots forage the soil for minerals whose concentrations can be orders of magnitude away from those required for plant cell function. Selective uptake in multicellular organisms critically requires epithelia with extracellular diffusion barriers. In plants, such a barrier is provided by the endodermis and its Casparian strips-cell wall impregnations analogous to animal tight and adherens junctions. Interestingly, the endodermis undergoes secondary differentiation, becoming coated with hydrophobic suberin, presumably switching from an actively absorbing to a protective epithelium. Here, we show that suberization responds to a wide range of nutrient stresses, mediated by the stress hormones abscisic acid and ethylene. We reveal a striking ability of the root to not only regulate synthesis of suberin, but also selectively degrade it in response to ethylene. Finally, we demonstrate that changes in suberization constitute physiologically relevant, adaptive responses, pointing to a pivotal role of the endodermal membrane in nutrient homeostasis.
In Brief
The suberization layer of the root system responds to a range of nutrient stresses, and its deposition is regulated by stress hormones, revealing a surprising level of functional and anatomical plasticity in adult roots.
INTRODUCTION
The Casparian strip (CS)-bearing root endodermis forms a paracellular transport barrier that defines two separate spaces within a root: the central nutrient-transporting stele, with its xylem network of interconnected hollow tubes, and the outer cortex, whose intercellular (apoplastic) space is connected to the soil. On their path from the root periphery to its center, mineral nutrients can be radially transported through three different pathways: symplastic; apoplastic; or coupled trans-cellular pathway (Barberon and Geldner, 2014; Geldner, 2013; Robbins et al., 2014; Andersen et al., 2015) . The symplastic and apoplastic pathways are best regarded as describing two extremes in the degree to which a nutrient travels through either the interconnected cytosol of root cells or through the apoplastic space. The longest symplastic pathway would be an uptake into the root hair cells of the epidermis, repeated transport through the cytoplasmic bridges of plasmodesmata, and export into the xylem ( Figure 1F ). In contrast, the pathway with the longest apoplastic component would be through the cell wall space of epidermal and cortical cells, entering the symplast only by uptake at the outer plasma membrane of the endodermis (Figure 1F ). An entirely apoplastic pathway is only possible at the few sites where CSs have not yet formed or are broken, and it is unclear whether this pathway can be of physiological relevance (Clarkson, 1993; White, 2001 ). The coupled trans-cellular pathway would require repeated uptake and efflux of nutrients through the concerted action of influx and efflux transporters, a possibility that has been substantiated by a number of recent publications showing strictly polar distribution of numerous transporters in root cells (reviewed in Barberon and Geldner, 2014) .
Recently, the discovery of sgn3 (schengen3), a mutant displaying discontinuous CS, allowed to address the relevance of these tight-junction-like structures in nutrient transport (Pfister et al., 2014) . The lack of an apoplastic barrier in sgn3 led to surprisingly mild phenotypes under non-challenging growth conditions but robustly displays a deficiency in the macronutrient K (Pfister et al., 2014) . Interestingly, the endodermis undergoes a second state of differentiation, which amounts to a direct progression from a state of an actively absorbing epithelium (state I) to a state that is thought to be exclusively protective in nature (state II). State II endodermis is characterized by the formation of the hydrophobic suberin polymer all around its surface (Meyer and Peterson, 2013) . The ability of state II endodermis to act as a protective barrier is highlighted by the fact that, in many plant species, environmental stresses such as drought can lead to a ''cortical dieback,'' leaving the endodermis as the outermost protective layer of the root (Meyer and Peterson, 2013) . In animals, specialized protective epithelia are often stratified (multilayered) and arise from single-layered epithelia through complex processes of trans-differentiation and proliferation, contrasting the simple progression seen in the case of the root endodermis (Koster and Roop, 2004; Senoo et al., 2007) . Endodermal suberization occurs in a ''switch-like'' manner, in which individual endodermal cells rapidly suberize in an apparently random fashion. This leads to a zone of ''patchy'' suberization that later develops into a zone of continuous suberization (Kroemer, 1903 ; Figure 1C ). Suberin is deposited as a secondary cell wall in the form of lamellae between the plasma membrane and the primary cell wall, eventually coating the entire endodermal surface (Haas and Carothers, 1975; Robards et al., 1973) . Recent data clearly indicate that these lamellae are not affecting the apoplastic (paracellular) transport across the endodermis that is blocked by the CS (Hosmani et al., 2013; Kamiya et al., 2015; Naseer et al., 2012; Pfister et al., 2014) . This begs the question as to the precise Andersen et al., 2015) . co, cortex; en, endodermis; ep, epidermis. See also Figure S1 . functional role of suberization. It has previously been associated with salt and drought stress resistance (Baxter et al., 2009; Hö fer et al., 2008; Krishnamurthy et al., 2009 Krishnamurthy et al., , 2011 and to be important for growth under waterlogged conditions in rice (Shiono et al., 2014) . In Arabidopsis, the enhanced suberin 1 (esb1) and myb36 mutants were found to display enhanced suberization in early stages of endodermis differentiation as a consequence of their partial CS barrier defects, making their associated mineral phenotypes difficult to interpret (Baxter et al., 2009; Hosmani et al., 2013; Kamiya et al., 2015) . Here, we visualize that suberin establishes a barrier for uptake from the apoplast into the endodermis. We find that endodermal suberization is highly plastic in response to many nutritional stress conditions, which exert their effect on suberin through the ethylene and abscisic acid (ABA) hormonal pathways. Unexpectedly, ethylene application induces disappearance of suberin from state II endodermal cells, suggesting that progression from an absorbing to a protective epithelium can be reversed. We show that this surprising plasticity is physiologically relevant as it can alleviate or enhance nutrient deficiency phenotypes of mutants and affect their ability to tolerate elevated salinity.
RESULTS

CS and Suberin Lamellae Are Distinct Subcellular Structures
In order to better delineate the precise cellular function of endodermal suberization from that of CS, we investigated Fluorol Yellow (FY)-stained WT roots using two-photon microscopy. FY is a highly sensitive and reliable fluorescent stain specifically labeling suberin in whole-mount roots (Lux et al., 2005; Naseer et al., 2012) . Our analysis revealed that suberin forms around differentiated endodermal cells and is excluded from the CS ( Figure 1A ). This is consistent with earlier ultrastructural studies (Haas and Carothers, 1975; Robards et al., 1973 ) and corroborates recent work that clearly separates formation of suberin from the earlier formation of CS (Kamiya et al., 2015; Naseer et al., 2012) . Previously, a strong, suberin-deficient line was established by expressing a suberin-degrading enzyme specifically in the endodermis. This CASP1::CDEF1 (CASPARIAN STRIP DOMAIN PROTEIN 1::CUTICLE DESTRUCTING FACTOR 1) line was shown not to affect uptake of an apoplastic tracer (propidium iodide [PI]; Naseer et al., 2012) . It was previously hypothesized that suberin lamellae could affect the direct uptake from the apoplast into endodermal cells (Barberon and Geldner, 2014; Geldner, 2013; Kamiya et al., 2015; Ranathunge et al., 2011; Robbins et al., 2014; Andersen et al., 2015) .
Endodermal Suberin Interferes with Uptake from the Apoplast We therefore tested whether fluorescein diacetate (FDA), a dye that only becomes fluorescent after its uptake into living cells, could be utilized as a tracer for the presence of functional suberin lamellae in the endodermis. This dye has been used in previous studies to monitor the mobility through plasmodesmata and in the phloem and xylem after several minutes or hours of incubation (Botha et al., 2008; Melnyk et al., 2015; Oparka et al., 1994) . We observed that, in the non-suberized endodermis, carrying only CS, FDA could enter the endodermis and even the pericycle after only 1 min of incubation ( Figure 1B) . Next, we monitored FDA uptake in the suberized developmental zone over 16 min ( Figure S1A ; Movie S1) and observed that FDA did not enter the endodermis anymore after 1 min but only after about 8 min of staining ( Figure S1A ; Movie S1). This suggested that suberization restricts fast FDA uptake into the endodermis. Its slower uptake into endodermal cells might be occurring indirectly from the cortex through plasmodesmata, known to be present in suberized endodermal cells (Haas and Carothers, 1975; Robards and Robb, 1974) . Additionally, the initially very thin suberin coating of endodermal cells might not cause a qualitative block but only a delay in FDA uptake from the apoplast. Consistent with our observations, carboxyl-FDA unloading from the phloem was shown to appear in pericycle cells, but it was blocked at the level of the endodermis (Oparka et al., 1994) .
In order to demonstrate that suberin indeed delays uptake of FDA into the endodermis, we performed the same assay in a suberin-deficient ELTP::CDEF1 line (ENDODERMAL LIPID TRANSFER PROTEIN::CDEF1, equivalent to CASP1::CDEF1 described above; Figures S1B and S1C). We observed fast FDA uptake even in the late parts of the root that are suberized in WT ( Figures 1D and 1E) . Moreover, esb1 and casp1 casp3 mutants-which both display enhanced and earlier suberization (Hosmani et al., 2013 ; Figure S1C )-displayed an earlier block in FDA uptake ( Figures 1E and S1D) . Transport is not affected in the CS-defective mutant sgn3 that has no apparent defect in suberization ( Figures 1E, S1C , and S1D). Taken together, these results establish FDA uptake as a visual assay for suberin lamellae function in roots. We propose that suberin lamellae formation regulates the apoplastic and trans-cellular transport route but leaves the symplastic route unaffected ( Figure 1F ).
The Plant's Nutritional Status Regulates Endodermal Suberization
In order to study the influence of nutritional stress on suberin deposition along the root, we analyzed well-characterized nutrient transporter mutants under conditions where they were indistinguishable from WT plants in terms of root length, thus excluding secondary effects on suberization through altered root development ( Figure S2A ). We analyzed 5-day-old seedlings of the metal-deficient iron-regulated transporter 1 (irt1) mutant (Henriques et al., 2002) , the Fe-and Mn-deficient natural-resistance-associated macrophage proteins (nramp1) mutant (Cailliatte et al., 2010) , the K-deficient stelar k + outward rectifier (skor) mutant (Gaymard et al., 1998) , and the S-deficient sulfate transporter (sultr1;1 sultr1;2) double mutant (Barberon et al., 2008) . We observed a striking reduction in the amount of suberization in irt1 and nramp1 mutants, with a delayed and mainly discontinuous (patchy) suberization ( Figure 2A ). In contrast, skor and sultr1;1 sultr1;2 mutants developed suberin lamellae earlier and rapidly went into a stage of continuous suberization ( Figure 2A ). These variations are specific to suberin lamellae, because the formation of a functional CS network, scored as block in PI penetration, was similar in WT and in all investigated mutants ( Figure 2B ). Hence, different nutritional deficiencies can affect suberin lamellae development in opposite ways. We next addressed whether these effects are specific to transporter mutants or can also be induced by corresponding nutritional stress conditions. Again, plants were grown under moderate nutritional stress where no root growth defects were apparent ( Figures  S2B-S2D ). FY staining revealed that suberization is delayed upon germination in Fe-, Mn-, and Zn-deficient conditions ( Figure 2C ), whereas it is enhanced upon germination in K-and S-deficient conditions, matching the mutant analysis ( Figures  2D and 2E ). Until now, only enhancement of suberization has been reported and this was mainly restricted to conditions of excess salt or drought stress (Baxter et al., 2009; Beisson et al., 2007; Krishnamurthy et al., 2009 Krishnamurthy et al., , 2011 Ranathunge et al., 2011) . In rice, for example, cultivars exposed to salt stress accumulate more suberin in their exodermis and endodermis (Krishnamurthy et al., 2009 (Krishnamurthy et al., , 2011 , and we confirmed here that salt also leads to an increase in suberization in Arabidopsis roots ( Figure 2F ; Kosma et al., 2014) . Importantly, this enhanced suberization occurs at salt concentrations that do not interfere with overall root development ( Figure S2E ) and can be observed already after 24 hr of treatment ( Figure S2H ). We conclude that suberin lamellae deposition is highly plastic and responds to a broad range of nutritional stresses, a feature that had not been previously appreciated.
Suberin Development Is Controlled by ABA In order to establish the signaling pathways mediating this nutrient-induced plasticity, we searched online databases for conditions modulating expression of the main biosynthetic genes driving endodermal suberization (Hruz et al., 2008) . Consistent with many previous studies, we found a major effect of ABA as an inducer of suberin-associated genes (Boher et al., 2013; Cottle and Kolattukudy, 1982; Kosma et al., 2014; Soliday et al., 1978; Yadav et al., 2014) . In order to establish whether ABA-mediated enhancement of suberization is an immediate, short-term response of the endodermis, we sought to establish a live marker for suberization. The glycerol-3-phosphate acyltransferase GPAT5 is one in a suite of suberin biosynthesis enzymes that has been particularly well characterized (Beisson et al., 2007) , and GPAT5-driven GUS activity has been shown to perfectly match the pattern of suberin deposition in Arabidopsis roots (Naseer et al., 2012) . We therefore generated the transcriptional reporter line GPAT5::mCITRINE-SYP122 (driving expression of a fluorescently tagged plasma membrane protein). Using this line, we observed ABA effects on suberin biosynthesis in live roots. At ABA concentrations that did not affect root growth (1 mM; Figure S3A ), we found that GPAT5 expression is induced in the endodermis after only 3 hr of ABA treatment, progressing in a wave that rapidly extended toward the root tip (Figures 3A and S3B; Movies S2 and S3) . Developmental staging after 20 hr of ABA treatment revealed an early and continuous onset of GPAT5 expression, in contrast to the initially patchy pattern of GPAT5 expression observed in untreated roots ( Figure 3B ). Moreover, we found that, upon ABA treatment, GPAT5 expression is also induced in cortical cells, initiating as patches of expression before becoming continuous, sometimes even extending into epidermal cells ( Figure 3B ). FY staining confirmed extension of suberization to the root tip and cortex ( Figures 3C and S3C ). An expansion of suberization into the cortex should profoundly impact the water and nutrient transport capacity of ABA-treated roots. We therefore sought independent confirmation for the ABA-induced presence of suberin in cortical cells through ultrastructural analysis. We found that, in both untreated and ABA-treated plants, the root endodermis developed suberin lamellae, with size increases upon ABA treatment ( Figures 3D and S3D ). In the cortex, by contrast, suberin lamellae-like secondary cell walls were observed exclusively after ABA treatment ( Figures 3D and  S3D ). Presence of CS was not detected outside of the endodermis, even below the hypocotyl root junction of ABA-treated plants ( Figure S3E ). Finally, direct chemical quantification of suberin upon ABA treatment shows a strong increase in root suberin content (43% increase of total suberin monomer content when compared to non-treated seedlings; Figure S3F ). Hence, our data establish that ABA induces a rapid suberization response, making it a prime candidate for mediating the enhanced suberization we observe upon nutrient deficiencies. Importantly, ABA does not only enhance suberization but also alters its developmental progression, leading to ectopic deposition in young root parts, as well as in the cortex. abi4] ), we found a strong delay in suberin deposition, which formed in a highly discontinuous pattern ( Figure S3G ). Previously, ABA signaling specifically in meristematic cortical and endodermal cell layers was shown to be required for lateral root quiescence during salt stress (Duan et al., 2013) . In order to suppress endodermal ABA signaling specifically in differentiating endodermal cells of primary roots, we expressed abi1-1 (aba-insensitive 1-1) under the CASP1 and ELTP endodermis-specific promoters (Roppolo et al., 2011; Wyrsch et al., 2015 ; Figure S1E ). abi1-1 is a dominant-negative allele of the PP2C-type protein phosphatase ABI1, suppressing ABA signaling (Leung et al., 1997) . We first addressed whether endodermal expression of abi1-1 affects suberin development in non-stress conditions and observed a strong delay in suberin formation in both ELTP::abi1-1 and CASP1::abi1-1 plants ( Figures 3E and S3H ). This indicates that local, endodermal ABA signaling is a critical component for suberization even under standard growth conditions. When treated with ABA, no enhanced suberization was observed, although some degree of ABA induction of the ELTP promoter-but not the CASP1 promoter-was found also in cortical tissues (Figure S1F) . Thus, effects of ABA on endodermal suberization are a local and early response to this stress hormone.
Ethylene Signaling Interferes with Suberin Accumulation
With ABA as a positive regulator of suberization, we wondered which signal could account for decreases in suberin accumulation, as observed in Fe, Zn, and Mn deficiencies. Fe deficiency is associated with ethylene production, and application of the ethylene precursor ACC (1-aminocyclopropane-1-carboxylic acid, ethylene precursor) mimics morphological, physiological, and molecular Fe deficiency responses, whereas ethylene inhibitors abolish some of those responses (García et al., 2010; Li and Li, 2004; Lingam et al., 2011; Lucena et al., 2006; Romera and Alcantara, 1994; Romera et al., 1999; Schmidt et al., 2000) . We therefore investigated the role of ethylene in suberization. We established conditions of ACC treatment that only slightly affected primary root development ( Figure S4A ) and found that ACC application results in a strong reduction of suberin accumulation in newly formed parts of the root ( Figure 4A ). Yet, to our surprise, ACC treatment also caused disappearance of suberin staining in older parts of the root that had developed suberin lamellae prior to the treatment ( Figures 4A and S4B) . Results with 1 mM ACC were variable, reaching from an absence of detectable FY signal to a mere reduction, but became stronger and less variable at higher doses of ACC ( Figure 4A ). We confirmed this effect of ACC by electron microscopy on root sections taken 2 mm below the hypocotyl-root junction. After treatment with ACC for 24 hr, absence or only patches of suberin lamellae could be observed in many older endodermal cells, something only rarely observed in wild-type plants ( Figure 4B ). In cells where suberin lamellae were still present, their thickness was significantly reduced ( Figure S4C ). We also observed a modest reduction, but not an absence of GPAT5::mCITRINE-SYP122 signal upon ACC treatment ( Figure S4D ). The effect of ACC was specific to suberin lamellae, because CS autofluorescence appears unaltered in the endodermis of ACC-treated roots ( Figure S4E ). Chemical quantification of suberin upon ACC treatment revealed a strong decrease in root suberization (40% decrease of total suberin ). Note that the data for the untreated condition are the same as the ones presented in Figure S3D . (A and C) Different letters indicate significant differences between genotypes and growth conditions. See also Figure S4 .
monomer content when compared to the non-treated plants; Figure S4F ). Our observations indicate that ACC decreases suberin biosynthesis to a certain extent but must also trigger active degradation of pre-existing suberin lamellae. Ethylene-signaling mutants corroborated our results. We found that both etr1 and ein3 (ethylene-resistant 1 and ethyleneinsensitive 3) mutants, defective in the ethylene-signaling pathway, display a slightly enhanced suberization that is not affected by ACC application ( Figure 4C) . Importantly, the ctr1 (constitutive triple response 1) mutant, exhibiting constitutive ethylene responses, displayed a major delay or near absence of suberization, comparable to the effect of ACC applications ( Figure 4C) . Interestingly, however, ABA treatment could partially restore suberization in the ctr1 mutant ( Figure 4D ). Taken together, these observations support antagonism of ethyleneand ABA-signaling pathways in regulating suberization.
ABA and Ethylene Signaling Mediate NutrientDeficiency-Induced Plasticity of Endodermal Suberization Having identified ABA and ethylene as major regulators of endodermal suberization, we asked whether the nutrient-induced changes in suberization are mediated by these two antagonistic hormones. We found that, in etr1 and ein3 mutants, suberization is not affected in Fe, Mn, or Zn deficiency ( Figure 5A ). The reduction in suberin accumulation under metal-deficient conditions is therefore largely dependent on an intact ethylene-signaling pathway. In addition, decrease of suberization in Fe deficiency can be blocked by the ethylene perception inhibitor AgNO 3 , as well as the ethylene biosynthesis inhibitor AVG ( Figure S4G ). In order to ascertain that ÀFe conditions induce a reduction of pre-existing suberin, we undertook transfer experiments and found a decrease of suberization 48 hr after transfer in both the newly formed and older root parts that had pre-existing suberin. This was associated with a moderate reduction of GPAT5 expression, comparable to ACC treatments ( Figures S2F and  S2G ). As expected, suberin degradation upon transfer was blocked in both etr1 and ein3 mutants. These observations support a model whereby ethylene mediates the nutrient-induced reduction of suberization ( Figure S4H ). Moreover, we found that suberization in S or K deficiency is not increased in ELTP::abi1-1 lines ( Figure 5B ), whereas it still occurs in etr1 and ein3 mutants ( Figures S4I and S4J) , showing that this nutrient effect on suberization is mediated by endodermal ABA signaling but is largely ethylene independent. Increased suberization upon salt treatment was also shown to entirely depend on endodermal ABA signaling ( Figure 5C ). We conclude that ABA and ethylene signaling mediate suberin plasticity in response to nutritional cues in opposite ways ( Figure 5D ).
Suberization Is an Adaptive Response to Nutrient Stresses
We finally wanted to understand whether the plasticity of suberization in response to nutritional stress reflects a physiological response by the plant that favorably modulates transport and homeostasis of limiting nutrients. To this purpose, we first studied the growth and ionomic phenotypes caused by an absence of suberization in the suberin-deficient lines ELTP::CDEF1 and CASP1::CDEF1. We ensured that these lines show an absence of suberin not only in 5-day-old seedlings on plates (Figures S1B and S1C; Naseer et al., 2012) but also in the whole root system of adult plants grown 3 weeks in soil ( Figure S5A ). Elemental profiling experiments using inductively coupled plasma-mass spectrometry (ICP-MS) on rosette leaves in three independent laboratories with different growth conditions (short or long days; soil or hydroponic) revealed that accumulation of most elements remained surprisingly unaltered ( Figures 6A and S6) . Nevertheless, Li, Na, and As content was invariably found higher in the suberin-deficient genotypes (ranging from 1.2-to 1.6-fold, 2.4-to 3.3-fold, and 1.3-to 2-fold increase, respectively) and K content was found invariably decreased, ranging from a 1.2-to 1.5-fold reduction ( Figures 6A and S6 ). This ionomic profile displays similarities with the analysis performed on the sgn3 mutant, where-despite a dramatic apoplastic bypass due to interrupted CS-plants managed to maintain WT levels of most elements (Pfister et al., 2014) . This reinforces the idea that plants have homeostatic backup systems that are able to incompletely compensate for defects in endodermal diffusion barriers. Despite the comparatively mild ionomic defects, rosette size and weight as well as seed production were reduced in the suberin-deficient genotypes ( Figures 6B, S5B, and S5C ). Yet, overall plant development and reproduction was not severely impaired. Suberin-deficient plants develop chlorosis of the leaf margins in older leaves ( Figure 6C ), a characteristic K-deficiency symptom (Marschner, 1995; Pfister et al., 2014) . Together with our initial findings that a K channel mutant and K deficiency increase suberization, this suggests that enhanced suberization is an adaptive response to K deficiency, assisting the plant in maintaining K homeostasis under limiting conditions. Having found that suberin-deficient genotypes also consistently displayed increased Na accumulation (Figures 6A and S6) and that salt treatment leads to increases in suberization, we tested the response of our suberin-deficient genotypes to salt stress. As would be predicted for a protective role of suberin in salt stress, suberin-deficient genotypes grown on media containing 100 mM NaCl showed increased reduction of root length and reduced seed production when compared to WT ( Figures 6D,  S5B , and S5C). We wanted to extend this model to other nutrients and substantiate the idea that the striking increases and decreases of suberization represent a physiologically relevant response. We therefore combined our suberin-deficient line with transporter mutants, arguing that nutrient transporter mutants leading to an increase of suberization should show an enhanced phenotypic severity in a suberin-deficient background. By contrast, mutants that cause a decrease of suberization might be alleviated by a total absence of suberin. In accordance with this, we found that sultr1;1 sultr1;2 mutantsdisplaying increased suberization-showed increased phenotypic severity in the background of a suberin-deficient line, consistent with a positive role of increased suberization under S-deficient conditions ( Figures 6E, S5D, and S5E ). More tellingly, however, we observed that irt1-the Fe-deficient mutant displaying decreases in suberin-actually benefits from a complete absence of suberin, especially in conditions of external Fe supply ( Figures 6F, S5F, and S5G ). This demonstrates that not only increases but also decreases in suberization are physiologically adaptive responses.
DISCUSSION Multiple Inputs Positively and Negatively Regulate Endodermal Suberization
We have shown here that plant roots have a surprising capacity to adapt their level of suberization to a wide range of nutrient stresses. We now show that not only excess of salt-or drought-but also deficiencies of required elements such as K, Fe, or S can lead to changes in endodermal suberization. A number of earlier studies had established a connection between ABA and enhanced suberization in various organisms. Here, we now demonstrate that response to ABA is not only required for stressinduced suberization but also for its establishment under nonstress conditions. This response to ABA is rapid and requires local ABA perception in endodermal cells. The antagonistic action of ethylene was unexpected. It is especially striking that its application can lead to disappearance of preformed suberin lamellae, which demonstrates an entirely unexpected flexibility in the regulation of this secondary cell wall. Interestingly, a broad array of enzymes that can potentially degrade suberin and/or cutin are present in the Arabidopsis genome, making it easily conceivable that ethylene causes disappearance of suberin lamellae by upregulation of these genes (Yeats et al., 2014) . Indeed, we have demonstrated that simple endodermal overexpression of one of these family members, CDEF1, can abrogate suberin accumulation in the endodermis (Naseer et al., 2012) . A reduction or disappearance of suberin in already suberized endodermal cells can be seen as a reversal of endodermal differentiation in which a protective epithelium might regain the possibility to directly absorb nutrients again. It will be very important to establish through transcriptomic and molecular marker analysis whether reversal of endodermal suberization upon ethylene treatment is associated with a re-programming of those cells in order to regain capacity for nutrient absorption. The fact that a decrease of suberization under Fe deficiency improves plant growth certainly suggests that the newly non-suberized cells regain some degree of activity.
A Framework for Interpreting the Consequences of Endodermal Suberization
Our findings have several important implications for our understanding of root function. It is well known that a specific nutrient deficiency, or knockout of a specific transporter, can have unexpected effects on the accumulation of unrelated elements. This is often explained in terms of cross-regulations of transporter activities, such as a change in membrane polarization or pH gradient that can disturb secondarily active transport processes, for example. Our findings now allow for an alternative, straightforward explanation of such pleiotropic effects. Changes in endodermal suberization might secondarily affect a number of unrelated nutrients whose transport also depends on the endodermal membrane surface. Previously, suberization of endodermal cells has often been confounded with CS formation, as these were often assumed to be suberized structures . This led to the assumption that suberization somehow affects both the paracellular barrier properties of the endodermis as well as the direct uptake of nutrient into the endodermal cytoplasm. This work, together with previous works, now clearly delineates the function of CS from that of suberin lamellae (Hosmani et al., 2013; Kamiya et al., 2015; Naseer et al., 2012; Pfister et al., 2014) . In current models, CS are involved in blocking transport in between endodermal cells, whereas suberin lamellae exclusively suppresses uptake into the cytoplasm of the endodermis. We have shown that suberization is largely restricted to the endodermis, with some extension into the cortex under stress conditions. Regulating specifically uptake across the endodermal membrane only interferes with a minor percentage of potential uptake surface because of the large area provided by the cortex and the root hair-bearing epidermal cells. Yet, membrane surfaces of epidermis, cortex, and endodermis can only be considered as equivalent if one assumes that cytoplasmic mobility of nutrients is high and diffusion through plasmodesmata is unrestricted, both of which might not be the case for many nutrients. In cases where mobility in the apoplast is high, nutrients could-through diffusion, mass flow, or ''solvent drag''-move toward the endodermis, leading to higher local concentrations at the endodermal uptake surface. In such cases, regulating endodermal suberization could have a comparatively strong impact on uptake rates. Finally, the importance of endodermal suberization is also evident in the case of a coupled trans-cellular transport, as it would interrupt a ''bucket brigade'' at its last crucial step. Our data strongly support the idea that regulating suberization specifically affects two transport pathways, the apoplastic and the coupled trans-cellular pathway, whereas it leaves the symplastic pathway unaltered.
Does Suberization Quantitatively Affect Nutrient Uptake?
The hydrophobicity of suberin, as evidenced in macroscopic, highly suberized structures like cork, often leads to the assumption that formation of suberin lamellae represents an effective, qualitative block for uptake of charged, possibly polar molecules. This assumption has been challenged in the case of water transport, where it was proposed that suberization causes a partial, rather quantitative resistance to water flow, which is dependent on the degree of suberization (Schreiber, 2010) . Our findings of an extensive quantitative regulation of suberin in response to certain deficiencies would fit the idea of suberization introducing a resistance rather than a block. We find it plausible that an often less than hundred-nanometer-thick suberin lamellae around an endodermal cell might not provide a strictly qualitative block to the uptake of charged molecules. Better quantitative assays for probing suberin functionality will be needed to address this question. A variant of the FDA assay presented here could provide such a quantitative readout if bypass of FDA through plasmodesmata could be suppressed, for example.
Conclusions
In summary, our findings reveal an unexpected plasticity of endodermal suberization in response to nutrient deficiency and stress hormone levels. The ability of roots to not only increase but also to strongly decrease preformed suberin is bound to be of central importance for the adaptation of roots to different soil environments and should be considered in studies of root developmental plasticity that often focus on the more easily observable trait of root system architecture. It would be of great interest to study the degree to which variation of endodermal suberization exists within and across species and to investigate whether it has been a target for natural selection.
EXPERIMENTAL PROCEDURES Plant Material and Constructions
Arabidopsis thaliana ecotype Columbia was used for most experiments. Gene numbers, mutants, and transgenic lines used and generated in this study are described in Supplemental Experimental Procedures.
Growth Conditions
For most in vitro assays, plants were germinated on 0.53 MS (Murashige and Skoog) agar plates. Seeds were surface sterilized, sown on plates, incubated 2 to 3 days at 4 C, and grown vertically in growth chambers at 22 C, under continuous light (100 mE). All the microscopic analysis (FDA uptake, FY staining, PI uptake, CS autofluorescence, promoter analysis, and ultrastructure analysis) were performed on 5-day-old seedlings. When seedlings were subjected to short-term treatment, e.g., transfer to ABA or ACC media, the transfer was done in a way that seedlings were 5 days old at the point of analysis. Details of media and growth conditions used in this study are described in Supplemental Experimental Procedures.
Fluorescence Microscopy
Confocal laser-scanning microscopy experiments were performed either on a Zeiss LSM 700, a Zeiss LSM 710, or a Zeiss LSM 710 NLO two-photon microscope. Excitation and detection parameters are presented in Supplemental Experimental Procedures. Methods for visualizing CS autofluorescence, PI penetration, and FY staining for suberin were previously described (Alassimone et al., 2010; Naseer et al., 2012; Pfister et al., 2014) and are presented in detail in Supplemental Experimental Procedures. For visualization of FDA transport, seedlings were incubated for 1 min in 0.53 MS FDA (5 mg.ml À1 ), rinsed, and instantly observed using a confocal microscope.
Electron Microscopy
Micrographs were taken from ultrathin sections of 50 nm thick cut transversally at 2 mm from the hypocotyl-root junction. Details are presented in Supplemental Experimental Procedures.
ICP-MS
Ionomic analyses were performed by ICP-MS from leave samples as previously described (Pfister et al., 2014) . Details are presented in Supplemental Experimental Procedures.
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